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HOMEOSTASIS IN THE STOMACH relies on a balance of the production and maintenance of multiple cell lineages, such as the acid-producing parietal cells, mucus-secreting neck cells, and zymogen-secreting chief cells. In the normal stomach, mucus neck cells transdifferentiate into chief cells as they migrate away from parietal cells to the base of the gastric glands (32, 48) . Parietal cells are thought to secrete factors that control this maturation of chief cells (1, 3, 29, 39) because the absence of parietal cells results in the subsequent loss of chief cells (38) . Nonetheless, although several studies have attempted to elucidate specific factors and signaling pathways, only a few studies have examined the components of the complex process of chief cell homeostasis and function. Although previous investigations have elucidated zymogen secretion-regulating signals through the utilization of isolated primary chief cell cultures (4, 22, 33, 49) , the specific vesicle trafficking pathways involved in secretion are still unknown. The reliance on isolated primary cultures that are difficult to manipulate precludes more indepth molecular studies, while the use of animal models can complicate analysis by obscuring the separation of direct effects on chief cells from more indirect or global effects. Therefore, it has proven difficult to determine the molecular pathways and interactions of factors involved in the maturation and function of chief cells because of the lack of an adaptable in vitro model.
In damage or disease, the homeostasis of the stomach is disrupted and chief cells transdifferentiate into spasmolytic polypeptide-expressing metaplasia (SPEM) (40 -42, 44) . Acute SPEM is thought to be a protective mechanism for repairing local damage. However, in the presence of inflammation, SPEM progresses to more advanced metaplasia (14, 24, 40, 47, 59, 60, 68) . In humans, SPEM gives rise to intestinal metaplasia, which can progress to cancer (8, 17, 19 -21, 51, 67) . Nevertheless, SPEM does not progress to phenotypic intestinal metaplasia in mice. Instead, SPEM evolves into "SPEM with intestinal characteristics" (SPEM-IC), which represents a mouse analog of intestinal metaplasia (63) . Administration of DMP-777, an elastase inhibitor that also acts as a parietal cell protonophore, results in both parietal cell loss without inflammation (42) and the development of SPEM after 10 -14 days. In the absence of inflammation, SPEM never progresses to dysplasia (16) . Administration of L635, a protonophore analog of DMP-777 that lacks elastase inhibition, results in SPEM with a prominent inflammatory response after 3 days (40) . In contrast to DMP-777, L635-induced SPEM demonstrates a significant increase in proliferation and displays expression of intestinal transcripts (40, 63) .
Furthermore, Helicobacter felis-infected mice develop SPEM with chronic inflammation that acquires expression of further intestinal transcripts (59, 63) . After ϳ12 mo of infection, this advanced proliferative SPEM-IC progresses to dysplasia (24, 40, 59 -61) . These three models, in addition to multiple other animal models, have demonstrated progressive changes in gene expression during the induction of SPEM and the progression to SPEM-IC and dysplasia. Still, similar to chief cells, very little is known about the molecular underpinnings of these metaplastic cells.
Previous studies have identified a variety of putatively important factors in chief cell homeostasis and function or induction and progression of SPEM (25, 41, 48) . However, no in vitro models of chief cells or metaplasia of the stomach currently exist. This lack of model systems has significantly hindered specific investigations into the molecular mechanisms of either normal chief cell or SPEM cell function. In vitro models that retain the characteristics of in vivo chief cells and SPEM cells are greatly needed to elucidate such mechanisms. The availability of the Immortomouse (30) makes the establishment of such in vitro models now possible. The Immortomouse is a totally transgenic mouse for interferon-␥ (IFN-␥)-inducible expression of a temperature-sensitive T antigen (30) . In cells isolated from Immortomouse tissue, the presence of IFN-␥ induces expression of the immortalizing T antigen. At the permissive temperature of 33°C, T antigen protein folds correctly and immortalizes the cells. However, at the nonpermissive temperature of 39°C in the absence of IFN-␥, residual T antigen protein misfolds, returning the cultures to a more "primary-like" state. Previous investigations have used the Immortomouse to establish cell lines from various tissues, including two cell lines from the stomach (2, 34, 64 -66) . However, these stomach cell lines do not express any chief cell or SPEM cell markers, but instead one represents an undifferentiated cell type (65) , and the other is a gastric stromal cell line (Whitehead RH, unpublished observations).
By modifying a previously established chief cell isolation protocol (56), we have now utilized murine gastric cell isolates from untreated or L635-treated Immortomice to develop a chief cell line (ImChief) and a SPEM cell line (ImSPEM), respectively. We have found that ImChief and ImSPEM cells express lineage-appropriate cell lineage markers and display characteristics of in vivo chief cells and SPEM cells. ImSPEM cells also establish polarity when cultured on Transwells. Furthermore, a comparison of the gene expression profiles of these two novel in vitro cell cultures revealed a novel marker of SPEM, MAL2. As a protein necessary for vesicle trafficking, MAL2 is the first trafficking protein identified as upregulated in SPEM. The ImChief and ImSPEM lines are the first in vitro models of chief cells and SPEM cells and represent invaluable resources for investigation of the molecular mechanisms of chief cell homeostasis and the metaplastic process in the stomach.
MATERIALS AND METHODS

Animals and cell isolation buffers.
Immortomice [tsA58SV40 T antigen transgenic (30) ; Charles River Laboratories, Wilmington, MA] were maintained on a C57BL/6 background. Mice were euthanized at 12-16 wk of age. Chief cells were isolated from four untreated female Immortomice. For SPEM cell isolation, L635 (a gift from Merck, Rahway, NJ) dissolved in saline was orally administered as a gavage once daily at 350 mg·kg Ϫ1 ·day Ϫ1 for 3 consecutive days to three female Immortomice. All procedures were performed under Vanderbilt IACUC-approved animal protocols. Solutions for cell isolation were made from a basic buffer of 0.5 mM NaH 2PO4, 1 mM Na 2HPO4, 20 mM NaHCO3, 70 mM NaCl, 5 mM KCl, 50 mM HEPES, and 11 mM glucose in water. Medium A contained basic buffer with 2 mM EDTA and 2% BSA (fraction V and globulin free A-9418; Sigma-Aldrich, St. Louis, MO). Medium B contained basic buffer with 1 mM CaCl 2, 1.5 mM MgCl2, and 2% BSA (fraction V and globulin free). All solutions were sterilized by filtration before use.
Cell isolation and culture. Chief cells and SPEM cells were isolated by sequential digestions as described previously by others (56) . Stomachs were excised, inverted, washed in ice-cold 1ϫ PBS, and tied off at the antrum and the forestomach. Unwanted tissue from the antrum and the forestomach were then removed. Medium A containing 2.5 mg/ml of protease type XIV (Sigma-Aldrich) was injected into the stomach until fully inflated (500 -800 l). The inflated stomachs were incubated in a series of solutions for 30 min each in a 37°C shaking water bath (fractions 1-5). First, they were submerged in medium A without protease (fraction 1) followed by three changes of medium B (fractions 2-4). for fraction 5, stomachs were incubated in medium B with 0.5 mg/ml of DNase I (SigmaAldrich) and then vigorously shaken by hand for 30 s. A 500-l aliquot from each fraction was fixed with 4% paraformaldehyde at 4°C for 20 min to verify cell types in each fraction. The fixed cells were immunolabeled with H-K-ATPase (parietal cell marker), GSII lectin (mucus neck cell marker), and pepsinogen C (PGC; chief cell marker). To confirm cell isolation from the mucosa, stomachs were fixed in 4% paraformaldehyde and embedded in paraffin for immunohistochemical analysis.
Chief cells and SPEM cells were enriched in fractions 4 and 5. To remove tissue clumps, fractions 4 and 5 were filtered through a 100-m cell strainer. These fractions were centrifuged for 5 min at 1,000 rpm and resuspended in a 1:1 mixture of Ham's F-12 and Dulbecco's minimum essential medium containing 10% heat-inactivated FBS, 8 g/ml insulin/transferrin/selenium solution, 1 g/ml hydrocortisone, 100 U/ml penicillin and streptomycin, 100 g/ ml MycoZap Plus-PR (Lonza, Rockland, ME), 1 ng/ml EGF, 1 ng/ml bFGF, 10 ng/ml HGF, and 5 U/ml IFN-␥. Growth factors and IFN-␥ were purchased from PeproTech (Rocky Hill, NJ). Cells were plated on collagen (PureCol; Advanced BioMatrix, San Diego, CA)-coated 96-well and 24-well plates at varying densities (10,000 -60,000 cells for 96-well plates and 50,000 to 200,000 cells for 24-well plates) and incubated at 33°C with 5% CO2. Cells were passaged at a 1:2 dilution as needed by using trypsin with EDTA. Various cellular morphologies were observed and further purified by sequential higher dilution passages (1:3-5) or with trypsin-soaked cloning disks. Each subcloned line was analyzed by PCR to verify cell type. Colonies with the desired expression profile were selected. Cells were maintained at 33°C in the medium described above.
For immunostaining analysis, cultured cells were plated at confluence on collagen-coated coverslips or Transwell filters at 33°C overnight and then cultured at 39°C for 1 wk. IFN-␥ was removed from the medium for all experiments at 39°C.
Transfection of cells. ImChief cells were transfected with an Amaxa Nucleofector (Lonza, Allendale, NJ) according to manufacturer's protocol by use of Kit T and program T-030. For control transfections, 500,000 cells were transfected with 2 g of an empty pcDNA3.1 plasmid and 0.6 g of a pEGFP-C2 plasmid. For Xbp1s transfections, 2 g of a pcDNA3.1-XBP1s plasmid (5) and 0.6 g of a pEGFP-C2 plasmid were transfected. After transfection, cells were incubated at 33°C overnight. The medium was then changed and cells were incubated at 39°C for 24 h.
Proliferation curves. To evaluate the proliferation of ImChief and ImSPEM cells, the total number of alive cells was counted at multiple time points at either 33 or 39°C. For each time point, 75,000 cells were plated on collagen-coated plates and incubated at 33°C overnight to allow cells to attach and begin proliferation. After this overnight incubation, cells were either counted (for the day 0 time point) or incubated at 33 or 39°C for the other time points (days 1, 2, 3, 5, and 7). At each time point, cells were trypsinized and the total number of alive cells was counted by using Trypan blue to distinguish between alive and dead cells.
RNA extraction, reverse transcription, and real-time PCR. To characterize the phenotypes of derived cell lines, cells were plated on collagen-coated dishes and incubated at 39°C for 1 wk. Although initial ImSPEM characterization used cells grown at 33°C, final characterization (Table 1) used cells incubated at 39°C for 1 wk. Cells were washed with 1ϫ PBS and RNA was extracted with TRIzol (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. The RNA (1 g) was treated with RQ1 RNase-free DNase (Promega, Madison, WI) and then reverse-transcribed using the Advantage RT-for-PCR kit (Clontech, Palo Alto, CA). An Advantage 2 PCR kit (Clontech) was used for all PCR amplifications (unless stated otherwise) by using gene specific primers and the following protocol: initial denaturation for 5 min at 94°C followed by amplification for 40 cycles of 20 s at 94°C, 20 s at 60°C, and 20 s at 68°C, and final extension for 5 min at 68°C. Reactions were then visualized on a 2% agarose gel.
For quantitative RT-PCR of the ImChief and ImSPEM cell lines, 1 g of total RNA isolated from cells grown at either 33 or 39°C for 1 wk was treated with RQ1 RNase-free DNase (Promega) and then reverse-transcribed with Superscript III reverse transcriptase (Invitrogen). RNA isolation from tissue samples and cDNA synthesis were performed as previously described (63) . Quantitative real-time polymerase chain reaction (qRT-PCR) was performed with EXPRESS SYBR GreenER quantitative PCR SuperMix (Invitrogen) by using specific primers ( For tissue immunostaining, human and mouse stomachs were obtained as previously reported (37, 63) . For mouse tissue, 4% paraformaldehyde-fixed paraffin-embedded stomachs from untreated control mice, 14-day DMP-777 treated mice, 3-day L635 treated mice, Primer sequences used for qRT-PCR validation of the upregulated transcripts found by microarray analysis are listed. Tff2 primer sequences are also listed. All primers were used at a final concentration of 200 nM except He4 primers, which were used at 100 nM. and 6-to 12-mo H. felis-infected mice were used. A tissue array of metaplasias (SPEM and intestinal metaplasia, n ϭ 19) resected at University of Tokyo (37) was used for analysis of MAL2 expression in humans. A tissue array comprised of 44 gastric cancers resected at Vanderbilt Medical Center was used for analysis of expression in gastric cancer (37) . From this cancer array, 11 cores with intestinaltype cancer were analyzed. Sections were heated at 60°C for 30 min, allowed to cool to room temperature for 30 min, deparaffinized in Histo-Clear (National Diagnostics, Atlanta, GA), and rehydrated. Antigen retrieval was performed with Target Retrieval solution (DakoCytomation, Glostrup, Denmark) and slides were blocked overnight at 4°C with serum-free protein block (DakoCytomation). Primary antibodies were incubated overnight at 4°C in antibody diluent with background reducing components (DakoCytomation). Sections were washed in 1ϫ PBS and incubated with secondary antibodies for 1 h at room temperature. After a washing in 1ϫ PBS, sections were mounted in Prolong Gold plus DAPI. Images of tissue were captured with a Zeiss Axio Imager M2 microscope outfitted with a Spot Xplorer camera (SPOT Imaging Solutions, Sterling Heights, MI) using either a ϫ20 NA 0.8 or ϫ40 NA 0.95 Plan-Apochromat objective (Zeiss).
Western blot analysis. Cells were plated at confluence and incubated at either 33 or 39°C for 1 wk. For analysis of the medium, cells were washed and fresh medium was added for 24 h. After 24 h on the cells, the medium was collected, cell debris was removed by centrifugation, and samples were stored at Ϫ80°C. For analysis of cell lysates corresponding to the cell line characterization and media analysis, protein was isolated from the plated cells with TRIzol (following RNA isolation) according to the manufacturer's instructions. For overexpression experiments, protein was isolated in a lysis buffer of 50 mM Tris (pH 8.0), 150 mM NaCl, and 0.5% SDS in 1ϫ PBS plus phosphatase inhibitors. Lysates were rocked for 30 min at 4°C and then centrifuged for 15 min at 4°C. The protein concentration of the cell lysates was measured by the bicinchoninic acid (BCA) method by using the Pierce BCA protein assay reagent (Pierce, Rockford, IL). A total protein amount of 20 g of each cell lysate sample and an aliquot of 15 l of medium was suspended in 2% SDS sample buffer. Samples were resolved in a 10% Bis-Tris NuPAGE Novex 1.0 mm gel (Life Technologies, Carlsbad, CA) and transferred to an Immobilon-P PVDF membrane (Millipore, Billerica, MA). For MIST1, HE4, and MAL2 Western blots, blots were blocked with 5% dry milk powder in Tris-buffered saline and 0.05% Tween-20 (TBS-T). Primary antibodies were diluted in 2.5% dry milk powder/TBS-T and incubated overnight at 4°C. For PGC Western blots, Odyssey blocking solution (LI-COR Biosciences, Lincoln, NE) in TBS was used for blocking and diluting primary antibodies. After four washes in TBS-T, blots were incubated with horseradish peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch) for 1 h at room temperature. Blots were then washed four times with TBS-T and once with TBS only. Specific labels were detected with enhanced chemiluminescence reagents (Pierce) with imaging on BioMax ML film (Kodak, Rochester, NY) (for MIST1, HE4, and MAL2 blots) or an Odyssey digital imaging system (LI-COR Biosciences) (for PGC blots). For sequential probing, blots were washed with TBS-T and stripped with ReBlot Plus Strong Antibody Stripping Solution (Millipore) for 20 min at room temperature. After two washes of TBS-T, blots were again blocked and probed as described above. Cell lysate bands were normalized to the control bands of rabbit anti-voltagedependent anion-selective channel protein 1 (VDAC1)/porin (1:1,000; Abcam).
Gene microarray analysis. ImChief cells and ImSPEM cells were plated at ϳ80% confluency on collagen-coated flasks and incubated at 39°C for 1 wk. Cells were detached using trypsin with EDTA and washed twice with 1ϫ PBS. Total RNA was isolated with a mirVana miRNA Isolation Kit (Life Technologies) following manufacturer's protocol. cDNA was reverse transcribed from 130 ng of RNA by use of the Ambion WT Expression Kit (Life Technologies). Standard Affymetrix protocols were used to fragment and label 5.5 g of cDNA. Samples were then hybridized to the Affymetrix mouse gene 1.0ST array (Santa Clara, CA). Data were analyzed on an Affymetrix Expression Console v. 1.1 by use of RMA normalization to produce log base 2 values. Statistical significance was determined by unpaired Student's t-tests (P Յ 0.05) with GeneSpring software (Agilent Technologies, Wilmington, DE) using Benjamini-Hochberg MTC (Supplemental Table S1 ; Supplemental Material for this article is available on the Journal website) (23) . Linear fold changes of the top 50 increased genes in ImSPEM cells compared with ImChief cells are listed in Table 3 . The normalized log base 2 expression values are listed for each of the cells lines, and the fold change value is listed as the linear fold change. All microarray hybridization procedures were performed in the Vanderbilt VANTAGE microarray shared resource. Pathway analysis was performed on the upregulated ImSPEM transcripts with WebGestalt (69) by using the KEGG analysis with a threshold of P Ͻ 0.05 (Supplemental Figs. S1 and S2 and Supplemental Table S2 ).
RESULTS
Establishment of ImChief cells, a conditionally immortalized chief cell line.
Stomachs from four female Immortomice were inverted and digested in serial fractions to obtain an enriched population of chief cells. An aliquot from each fraction was fixed and immunolabeled for H-K-ATPase (parietal cell marker), TFF2 (mucus neck cell marker), PGC (chief cell marker), and DAPI (nuclei) to identify cell lineages in each fraction. As previously reported (56) , chief cells (PGC-labeled cells) were found predominately in fractions 4 and 5. Chief cells constituted ϳ73% of the cells found in the enriched fractions 4 and 5. To establish a chief cell line, these Immortomouse chief cell-enriched fractions were cultured on collagen-coated plates at the permissive temperature (33°C) in the presence of IFN-␥, which induces expression of the temperature sensitive T antigen transgene. At the permissive temperature, the T antigen protein folds correctly and causes an "immortalization" of the cells. Colonies with an epithelial-like morphology (a cobblestone appearance) appeared after several passages at the permissive temperature. The colonies with epithelial-like morphologies were further purified and expanded with trypsin-soaked cloning disks and sequential higher dilution passages. Although stromal cells could not be completely removed, detection of epithelial markers cytokeratins 8 and 18 (Krt8 and Krt18) confirmed the expansion of the epithelial-like morphology was in fact epithelial cells in the culture (Fig. 1) . The transcriptional profile of the cell line was analyzed by PCR to verify the composition of the gastric cell types within the culture. Lineage markers for various cell types of the stomach were examined in cells cultured at the nonpermissive temperature (39°C) for 1 wk. Transcriptional analysis of the cells revealed the expression of the chief cell-specific markers Mist1, PGC (Pgc), amylase 2 (Amy2), and Rab3d, but not gastric intrinsic factor (Gif) (Fig. 1) . Mucus neck cell markers Muc6 and Tff2 were not detected, confirming the absence of mucus neck cells. Furthermore, markers of foveolar cells (Tff1), parietal cells (H-K-ATPase), and endocrine cells (ChgA) were also not detected (Fig. 1) . The expression of chief cell markers and lack of detectable expression of other gastric lineage markers demonstrates the predominance of chief cells. ). Although stromal cell contamination did not appear to decrease with passages, this chief cell-specific expression pattern was retained for at least 50 passages, suggesting that the chief cell phenotype is stable.
In contrast to the previously reported Immortomouse stomach cell line (named ImSt), our newly developed ImChief cell line expressed chief cell markers such as Pgc and Mist1, whereas ImSt does not express chief cell lineage markers. However, to further confirm the characteristics of ImChief cells, we next examined the production of MIST1 protein, a chief cell-specific marker that no other gastric cell lineage produces (48) , as well the presence of zymogen secretory granules. The transcription factor MIST1 is required for the complete maturation of chief cells in vivo (48) . Previous studies have shown that MIST1 establishes pepsinogen secretory vesicles by directly upregulating RAB3D, a vesicle trafficking protein that localizes to these pepsinogen-containing secretory vesicles in gastric chief cells (55, 57) . Immunoblotting of ImChief cell lysates (cultured at 33 and 39°C for 1 wk) demonstrated the production of MIST1 in ImChief cells at both 33 and 39°C and thus further confirms the presence of chief cells ( Fig. 2A) . To examine whether ImChief cells possess the secretory vesicle components found in in vivo chief cells, cells at both the permissive and nonpermissive temperatures were probed for PGC and RAB3D. Immunostaining revealed that ImChief cells produce pepsinogen granules at both temperatures (Fig. 2B) . Furthermore, RAB3D colabeled the pepsinogen-containing vesicles. These findings confirm that ImChief cells produce the characteristic secretory granules for chief cells. The localization of RAB3D predominantly on pepsinogen-containing vesicles suggests that ImChief cells can assemble their secretory machinery. Nevertheless, at present, we have not been able to induce secretagogue-stimulated pepsinogen release from ImChief cells. At 39°C, the temperaturesensitive T antigen misfolds and thus no longer immortalizes the cells, significantly decreasing proliferation of ImChief cells after approximately 3 days at 39°C (Fig. 4A) . ImChief cells grown at 39°C cannot be passaged. These observations indicate that ImChief cells cease proliferation and subsequently may become more primary-like at the nonpermissive temperature. Taken together, these data demonstrate that ImChief cells retain significant characteristics of in vivo chief cells.
Xbp1 overexpression in ImChief cells results in an increase in PGC production. We sought to determine the utility of ImChief cells as a tool for investigating molecular mechanisms of chief cells. First, the ability of ImChief cells to be trans- Fig. 3 . PGC production in protein lysates from ImChief cells overexpressing Xbp1. ImChief cells were transfected with an Xbp1 plasmid or a control empty plasmid and plated at 33°C overnight. Fresh medium (without IFN-␥) was added and cells were cultured at 39°C for 24 h. A: qPCR confirms an 2.7-fold increase in Xbp1 expression. *P ϭ 0.01. B: 20 g of protein lysate of each sample was probed for PGC (top). VDAC was used as a loading control. For quantification, the amount of PGC was normalized to VDAC for each sample. Overexpression of Xbp1 increased PGC production by 1.7-fold (bottom). **P ϭ 0.02 (n ϭ 4). fected was tested with multiple established transfection protocols. ImChief cells were successfully transfected by multiple methods with varying efficiencies. Although the transfection efficiency for all methods was low, an electroporation transfection method (Amaxa Nucleofactor) resulted in the highest efficiency (29%). To further examine the utility of ImChief cells as an in vitro chief cell model, we transiently overexpressed X-box binding protein 1 (Xbp1). Xbp1 is a transcription factor that induces expression of Mist1, a chief cellspecific transcription factor that is required for the formation of normal pepsinogen granules (25, 48, 58) . ImChief cells were transfected with the functionally active spliced variant of human Xbp1 (25) (90% homologous to mouse Xbp1) and plated at the permissive temperature overnight before the medium was changed and cells were grown at the nonpermissive temperature for 24 h. Xbp1 expression was measured by qPCR using primers that detect both mouse and human Xbp1. Xbp1 mRNA expression was increased 2.7-fold in Xbp1-transfected ImChief cells compared with control ImChief cells (Fig. 3A) . To determine the effects of Xbp1 overexpression, PGC production was analyzed as a marker of chief cell maturation. By Western blot analysis, Xbp1 overexpression in ImChief cells induced a 1.7-fold increase in endogenous PGC protein levels (Fig. 3B) . In- creased PGC production suggests that Xbp1 can promote ImChief cell maturation.
ImSPEM retains in vivo SPEM characteristics. A recent study profiling multiple human gastric cell lines showed that the KatoIII cell line retained expression of some metaplastic markers (54) . However, the KatoIII line expresses a mixture of SPEM and intestinal metaplasia markers as well as other intestinal-type gastric cancer markers and therefore has limitations as an in vitro cell culture model for studying the signaling pathways and molecular mechanisms of SPEM. Accordingly, we developed and characterized a more definitive in vitro model of SPEM. To establish a SPEM cell line, we isolated SPEM cells using an approach similar to that used for the establishment of the ImChief line. SPEM was induced in three female Immortomice by oral gavage of L635 for 3 days. Stomachs were inverted and digested in serial fractions. Again, fractions 4 and 5 were enriched with the cell type of interest. Cells in fractions 4 and 5 were plated on collagen-coated plates at 33°C with IFN-␥ and passaged as needed. Multiple epithelial-like morphologies emerged in the cultures. Each morphology observed in the cultures was purified individually by sequential higher dilution passages. Unlike the ImChief cell purification, cloning disks were not necessary because the epithelial-like cells in the SPEM cell enriched cultures expanded more quickly than the contaminating stromal-like cells. Epithelial origin was confirmed by transcriptional expression of Krt8 and Krt18 (Table 1) . Additionally, all cultures were negative for Pdx1 expression, verifying that the cells were derived from the fundus of the stomach and not from the antrum or duodenum ( Table 1) . Expression of specific cell lineage markers was investigated to identify the cell types present in each culture. Although all cultured lines expressed the SPEM lineage markers Tff2 and He4, for the present study, we focused on the cell culture line that expressed SPEM markers but also lacked expression of other lineage markers. This line was designated ImSPEM (Im, Immortomouse; SPEM, spasmolytic polypeptide expressing metaplasia). As stated above, ImSPEM cells expressed the SPEM lineage markers Tff2 and He4 (Fig. 4B) . Furthermore, ImSPEM cells lacked detectable expression of other gastric cell lineage markers, specifically chief cell markers, Mist1 and Pgc, demonstrating the absence of other gastric cell lineages (Table 1) . The list of upregulated transcripts in ImSPEM cells compared with ImChief cells was compared with a previously reported list of transcripts upregulated in laser captured microdissected murine L635-induced SPEM lineages compared with normal chief cells (63) . This comparison revealed 14 shared upregulated transcripts. The normalized expression levels in the ImSPEM and ImChief cell lines are shown as well as the fold change. The normalized expression levels of these cell lines could not be directly compared with the normalized expression levels of the tissue isolated chief cells and SPEM because of differences in RNA isolation and amplification methods.
Previously, we have shown transcriptional heterogeneity among SPEM lineages from different murine models of SPEM (63) . SPEM lineages derived in the presence of inflammation progress to SPEM-IC (SPEM with intestinal characteristics) by acquiring intestinal transcripts such as Cftr, Dmbt1, and eventually Vil1 and PigR. To characterize the metaplastic state of ImSPEM cells, expression of selected previously reported SPEM and SPEM-IC markers were evaluated in cells cultured at the nonpermissive temperature (39°C) for 1 wk. ImSPEM cells expressed SPEM markers expressed in all SPEM lineages in vivo such as trefoil factor 2 (Tff2), human epididymis 4 (He4), and clusterin (Clu) ( Table 1 and Fig. 4B ). The SPEM-IC markers Cftr and PigR were expressed at low levels whereas Vil1, Dmbt1, and Cdx2 were not detected ( Table 1 ). This expression profile suggests that ImSPEM cells maintain the expression profile of in vivo SPEM and possess some characteristics of a more advanced SPEM (or SPEM-IC). Another distinct property of in vivo L635-derived SPEM cells is reentry into the cell cycle. Although mature chief cells are postmitotic, upon transdifferentiation to SPEM, SPEM cells begin to proliferate. Aptly, upon return to a more primary-like culture at the nonpermissive temperature (39°C), ImSPEM cells continued to proliferate (Fig. 4A ) and could be maintained and passaged at 39°C without IFN-␥ for at least 1 mo, the latest time point tested. The retention of proliferation demonstrates that ImSPEM cells possess an intrinsic proliferative property similar to in vivo SPEM cells.
Although ImSPEM cells retain the transcriptional profile of in vivo SPEM, the ImSPEM line was further characterized by analyzing protein production of key SPEM markers. When chief cells transdifferentiate into SPEM, SPEM cells begin producing TFF2 and HE4. To date, HE4 production is the most prominent and specific marker of SPEM induction in vivo (44) .
Thus TFF2 and HE4 production in ImSPEM cells was investigated. Immunostaining revealed ImSPEM cells produced both TFF2 and HE4 proteins localized in cytoplasmic vesicles (Fig. 4C) . To confirm HE4 production in ImSPEM cells, Western blots of protein lysates were probed for HE4. As detected by Western blot, HE4 is produced in ImSPEM cells, but not ImChief cells (Fig. 4D) . Moreover, because HE4 is secreted in vivo (11) , the presence of HE4 in conditioned medium was assessed as a measure of functional secretory capacity in the ImSPEM line. ImSPEM cells were grown on collagen-coated coverslips at 39°C for 1 wk. ImChief cells were used as a negative control, since they do not produce HE4. After 1 wk at 39°C, fresh medium was incubated on the cells for 24 h. Western blot analysis of the 24-h conditioned medium revealed HE4 in ImSPEM medium, but not ImChief medium (Fig. 4E) . Taken together, these data demonstrate ImSPEM cells possess many of the characteristics displayed by in vivo SPEM lineages.
ImSPEM cells can establish polarity. As ImSPEM cells maintain many in vivo SPEM characteristics, we next sought to assess the polarization ability of ImSPEM cells, an important aspect of epithelial cells. ImSPEM cells were plated near confluency on collagen-coated Transwell filters and incubated at 39°C for 1 wk. On Transwell filters, ImSPEM cells remained relatively flat (ϳ5 M tall) and varied between forming a monolayer and a bilayer of cells. In bilayers, the bottom cell layer consisted of numerous smaller cells, whereas the upper layer had fewer but distinctly larger and flatter cells. Adherens junction proteins p120 and E-cadherin localized to the lateral membranes of all cells in both cell layers. However, the lower layer of cells had jagged and irregular junctions, whereas the top layer displayed a smooth and continuous pattern (Fig. 5, A  and B) . Additionally, F-actin was concentrated at the mem- , and Tacstd2, expression levels in ImChief did not meet the cycle threshold for detection. Thus, for quantification of these 3 transcripts, ImChief detection levels were set to cycle 40 (as marked by an asterisk on the y-axis label). These data confirm the significant upregulation of these 8 transcripts identified by the microarray comparison; n ϭ 3 and *P ϭ 0.05.
brane of the cells in the top layer. In the bottom layer, distinct lateral membrane expression was detected, as well as some concentration of F-actin in the apical region (Fig. 8) . These patterns suggested differences in polarization within the Im-SPEM cells. To investigate the extent of ImSPEM polarization, tight junctions were examined with ZO-1 immunostaining (Fig. 5C) . Because of varying cell heights and the complications of two cell layers, ZO-1 staining was unclear in the cell bilayers. However, in monolayer regions, ZO-1 was localized to the top of the lateral membranes of the cells (Fig. 5C) , demonstrating that ImSPEM cells polarize and establish a transition between the lateral and apical membrane.
As described above, HE4 is secreted from ImSPEM cells and can be detected in the medium by Western blot analysis. To determine directionality of HE4 secretion and further confirm polarization of the cells, ImSPEM cells were grown on collagen-coated Transwells at 39°C for 1 wk. Fresh medium was added for 24 h to the apical and basal sides of the Transwells. Medium from both sides was collected separately and probed for HE4 by Western blot. HE4 secreted protein was only detected in the apical conditioned medium and not in the basal conditioned medium (Fig. 4F) . These findings demonstrate that ImSPEM cells delineate an apical membrane for secretion, thus confirming the ability of ImSPEM cells to polarize when grown on Transwell filters. Table S1 ). By utilizing previously reported expression profiles of upregulated transcripts in L635-induced SPEM (63), 14 previously reported transcripts were also found upregulated in ImSPEM cells compared with ImChief cells (Table 4) , including the known SPEM markers He4 and Clu (44, 63) . Whereas He4 was increased by 31-fold in ImSPEM cells (Table 3) , Tff2 upregulation was not detected because Affymetrix gene arrays do not accurately detect Tff2 expression levels (41) . However, as shown in Fig. 4B , Tff2 and He4 upregulation in ImSPEM cells was confirmed by qRT-PCR. Next, upregulated ImSPEM transcripts were analyzed for enrichment of signaling pathways by using WebGestalt (69) . The ImSPEM expression profile was enriched for transcripts in the "pathways of cancer" and "ErbB signaling pathway." Seventeen transcripts were found in the ErbB signaling pathway (7 ϭ expected number of transcripts; P ϭ 0.01) (Supplemental Fig. S1 and Supplemental Table S2 ). Pathways of cancer was enriched with 48 transcripts (26 ϭ expected number of transcripts; P ϭ 0.001) including multiple transcripts in the Ras signaling cascade (Supplemental Fig. S2 and Supplemental Table S2 ).
Gene microarray comparison of ImChief and ImSPEM identifies MAL2 as a novel marker of metaplasia.
Through these microarray comparisons, new putative markers of the metaplastic process were identified. Table 3 lists the top 50 transcripts upregulated in ImSPEM cells compared with ImChief cells. In addition to He4, expression levels of eight selected transcripts were evaluated by qRT-PCR to validate the microarray results (Fig. 6) . All selected transcripts were significantly upregulated in ImSPEM cells compared with ImChief cells (39°C for 1 wk) including the third most upregulated transcript in ImSPEM, myelin, and lymphocyte protein 2 (Mal2). By microarray analysis, Mal2 was increased by 113-fold in ImSPEM cells (Table 3) . Furthermore, by qRT-PCR, Mal2 expression was not detected in ImChief cells. Previous reports have shown that MAL2 protein is required for the transcytosis pathway in epithelial cells and is normally localized to the subapical compartment of polarized cells (9, 26) . Thus MAL2 was chosen for further analysis because of its role in vesicle trafficking and potential as a novel marker of SPEM. To confirm production of MAL2 protein in ImSPEM cells, cells were grown at 33 and 39°C for 1 wk and cell lysates were probed by Western blot. ImSPEM cells at both 33 and 39°C produced MAL2 protein (Fig. 7A) . Next, to examine the localization of MAL2 in polarized ImSPEM cells, cells were grown on collagen-coated Transwells at 39°C for 1 wk. MAL2 production was limited to the monolayer regions and the upper layer of cells in bilayer regions (Fig. 8) . Furthermore, MAL2 localized to the subapical regions of these cells. This specific The transcriptional expression of Mal2 in normal murine gastric glands and in three mouse models of SPEM (DMP-777 administration, L635 administration, and H. felis infection-6 and 12 mo) was examined next. In whole murine fundic stomach tissue, Mal2 transcript expression is significantly upregulated in L635 and H. felis (6-mo infected)-induced SPEM compared with normal murine stomach (Fig. 7B) . For protein production and localization, we examined MAL2 immunoreactivity in untreated control mice and the three models of SPEM: 14 days DMP-777 treatment, 3 days L635 treatment, and 12-mo H. felis infection. In untreated control mice, MAL2 immunoreactivity was detected in the subapical compartment of mucus neck cells (marked by GSII lectin) and surface cells (identified by their characteristic morphology in the upper gland regions) (Fig. 9) . A diffuse cytoplasmic staining pattern was also detected in parietal cells (colabeled with H-KATPase, data not shown), but there was only weak MAL2 staining in chief cells (Fig. 9) . As previously reported, acute SPEM without inflammation is induced by DMP-777 treatment, whereas L635 administration results in SPEM with prominent inflammation (40, 42) . H. felis infection for 12 mo was used as a model of chronic inflammation and SPEM that fully progresses to SPEM-IC (59, 63) . As shown in Fig. 9 , MAL2 production was increased and localized subapically in SPEM lineages from all three murine SPEM models as well as in gastritis cystica profunda (dysplasia) in 12-mo H. felisinfected mice. These results confirmed MAL2 as a marker of SPEM in mice.
To examine MAL2 production in human metaplasias of the stomach, a tissue microarray with a mixture of normal, SPEM, and intestinal metaplasia samples was probed for MAL2 (Fig.  10, A and B) . Similar to mice, parietal cells (identified by their characteristic morphology) in normal human gastric glands showed a dispersed cytoplasmic localization of MAL2. Additionally, low levels of MAL2 were localized in the subapical region of the chief cells. In SPEM and intestinal metaplasia, MAL2 was also localized to the subapical region of cells, but at higher levels compared with chief cells. In humans, 12 of 12 samples of SPEM and 7 of 7 samples of intestinal metaplasia demonstrated subapically localized MAL2. A gastric cancer tissue microarray was also immunostained to investigate MAL2 production in intestinal type gastric cancers (Fig. 10C) . Subapical localization of MAL2 was found in 9 of 11 intestinal type gastric cancers. Overall, these findings in both mouse and human indicate that MAL2 is a novel subapical marker of metaplasia and cancer in the stomach. 
DISCUSSION
The stomach maintains homeostasis through a complex network of both cell autonomous and nonautonomous signaling pathways. Numerous studies have investigated specific signaling molecules and how their alterations affect the normal stomach cell types, occasionally leading to metaplasia in the stomach (1, 3, 29, 38 -42, 44) . Additionally, recent studies have shown that damage or disease in the stomach can cause chief cells to transdifferentiate into SPEM (40) . These findings have refocused interest on understanding the molecular mechanisms involved in chief cell homeostasis and metaplastic transdifferentiation. After the discovery of the chief cell pepsinogen secretory mechanism (4, 22, 33, 49) , progress toward understanding other molecular events and signals in chief cell homeostasis and function has been slow. Studies into the mechanisms that underlie this homeostasis, as well as transdifferentiation into SPEM, have been hampered by reliance on in vivo mouse models. Although in vivo models are important for studying complex signaling networks and the role of specific genes or signaling pathways on the whole tissue scale, it is difficult to identify specific molecular interactions or gene dynamics on a cellular level. Therefore, in vitro cell culture models are greatly needed to help elucidate such phenomena. There is currently one established cell line of a normal gastric epithelial cell type called ImSt (also developed from the Immortomouse); however, this cell line does not express lineage specific markers for parietal cells, mucus neck cells, or chief cells and thus is presumably a cell culture model of gastric surface cells (65) . Currently, human gastric cancer cell lines are used in the majority of gastric in vitro studies (5, 7, 15, 43, 62) . However, these lines have inherent disadvantages for use in understanding normal gastric cell homeostasis or the metaplastic process because they have acquired neoplastic characteristics that may confound studies.
The establishment of the novel ImChief cell line now allows studies to be conducted in an in vitro chief cell model that more closely resembles in vivo chief cells. ImChief cells become more primary-like at the nonpermissive temperature of 39°C, allowing study of endogenous proteins. Additionally, ImChief cells can be transfected effectively with a plasmid of interest in Fig. 9 . Production of MAL2 in normal murine gastric mucosa and SPEM models. Sections of C57BL/6 mouse fundic mucosa were immunostained with MAL2 (top and red in bottom merged panels), GSII lectin (a mucus neck cell and SPEM marker) (green), and DAPI (blue). MAL2 images were taken at the same exposure for each sample. MAL2 was expressed most strongly in parietal cells identified by their characteristic morphology, which demonstrated a dispersed cytoplasmic localization (asterisk). Weaker subapical staining was observed in mucus cells (surface and neck cells and to a lesser extent chief cells in the normal mucosa) (arrows). In all SPEM models (DMP-777, L635, and H. felis), MAL2 expression was increased compared with the chief cells in the normal mucosa and localized to the subapical compartment in SPEM cells marked by GSII lectin. A region of dysplasia (gastritis cystica profunda) in the H. felis-infected mouse also showed strong expression of MAL2. Top row scale bar ϭ 50 m. Bottom row scale bar ϭ 100 m.
contrast to primary chief cell cultures, which now allows for overexpression or knockdown experiments of interest. As presented above, overexpression of the transcription factor Xbp1 results in an increase production of PGC. However, some caveats do exist with the ImChief cell line. At present, we have not been able to observe either constitutive or cholinergicstimulated pepsinogen release from ImChief cells. This suggests that although the ImChief cell line is predominately comprised of chief cells (as demonstrated by their expression of MIST1), these chief cells may not be fully matured. Development of ImChief cell lines with greater expression of maturation factors such as MIST1 may provide more fully matured cells with more active regulated secretion and function. In establishing such cell lines, special consideration must be given to the experimental design in regards to the timing of transfection and switching the ImChief cells to the nonpermissive temperature. Viral infections at 39°C or inducible vectors may be more effective for specific experimental designs in which ImChief cells must be fully switched to a primary-like state prior to introduction or expression of a vector of interest. Additionally, although loss of parietal cells from the gastric mucosa results in chief cell transdifferentiation, in the culture condition that is devoid of parietal cells, ImChief cells do not transdifferentiate in SPEM. A recent study has also shown that a subset of Troy-expressing chief cells in the murine stomach may represent a quiescent stem cell population that is activated upon mucosal injury (53) . However, we have detected little to no Troy expression in ImChief cells. Thus the incomplete final maturation of the ImChief cells may be the reason ImChief cells do not transdifferentiate. Overall, though, the ImChief cell line is an important in vitro model that allows for the study of chief cell factors (endogenous and exogenous) that are difficult to study with currently available resources, such as mouse models and gastric cancer cell lines.
Loss of parietal cells from the gastric mucosa results in chief cell transdifferentiation into SPEM, likely as a protective or reparative mucosal response (40 -42, 44 ). In the presence of chronic inflammation, SPEM can progress to intestinal metaplasia in humans (13) . Nevertheless, the mechanisms of induction or progression of SPEM are poorly characterized. Similar to chief cell function and homeostasis studies, investigations into the molecular mechanisms of SPEM function have been hindered because of a lack of in vitro models of the metaplastic process in the stomach. A recent study profiled the transcriptional expression of 37 human gastric cancer cell lines. Of these 37 cell lines, KatoIII cells retained a more metaplastic profile than the other cell lines as reflected by expression of several SPEM and intestinal metaplasia markers (54) . Although KatoIII cells represent a better in vitro model for metaplasia than other human gastric cancer cell lines, expression of intestinal metaplasia markers prohibits separation of studies of SPEM from intestinal metaplasia. Similar to in vivo SPEM cells, ImSPEM express only SPEM-specific markers and retain their proliferative properties at the nonpermissive temperature. Additionally, ImSPEM cells grown on Transwells establish a level of polarity with defined junctions and apical and basal membranes, and they apically secrete HE4. Thus the establishment of the novel ImSPEM cell line fills this void of a SPEM-specific in vitro cell culture model.
Numerous studies in the mouse have identified specific cell types as well as multiple proteins with various functions that play a role in the development or progression of SPEM (27, 28, 31, 35, 42, 44 -46) . Helicobacter infection studies have revealed roles for the immunological response that are important in the metaplastic progression. Upon infection, immune cells, including macrophages and neutrophils, infiltrate the gastric mucosa and the expression of secreted cytokines (most notably IL-1␤ and TNF-␣) is increased (18, 40, 50, 52) . However, Fig. 10 . MAL2 production in normal human gastric mucosa, metaplasia, and cancer. A tissue microarray of normal gastric mucosa (A), SPEM and intestinal metaplasia (B), and a microarray of gastric cancer (C) was immunolabeled with MAL2 (red, left column), GSII lectin (green, middle column), DMBT1 (an intestinal metaplasia marker) (white, middle column), and DAPI (blue). Right columns are merged images. A: in normal mucosa, parietal cells produced MAL2 in a diffuse cytoplasmic pattern (asterisk). Whereas in mucus cells (GSII lectin, green) and chief cells (arrow, chief cells identified by their morphology and GIF immunolabeling not shown), MAL2 was localized in the subapical compartment (arrow). Notably, MAL2 was subapically localized in 100% of chief cells (13/13 samples). B: SPEM (GSII lectin, green) and intestinal metaplasia (DMBT1, white) displayed subapical localization of MAL2 (12/12 and 7/7 samples, respectively). MAL2 production was increased in SPEM and intestinal metaplasia (IM) compared with chief cells. C: a representative image of intestinal type cancer from the gastric cancer tissue microarray is shown. In cancer, MAL2 was subapically localized in 82% of intestinal type gastric cancers (9/11). Scale bar ϭ 50 m. specific molecular interactions and cellular effects of specific genes, cytokines, or immune cells are obscured in complex in vivo models. Such direct effects of these cell types and molecules on SPEM cells, as well as the corresponding effect of SPEM cells on these other cell types, can now be investigated in this novel ImSPEM cell culture model. Additionally, the evidence that ImSPEM cells function similarly to their in vivo counterparts also allows for targeted mechanistic studies of previously identified intrinsically expressed proteins and their role within SPEM cells. Since ImSPEM cells constitutively secrete HE4, one of the few highly specific markers of SPEM in mice, elucidation of its secretory mechanisms and function in SPEM cells is now possible. Such extrinsic and intrinsic studies into the mechanisms of SPEM are now possible with the development of the novel in vitro ImSPEM cell culture model.
Several gene microarray studies by our laboratory and others have yielded insights into the induction and progression of SPEM in both the mouse and humans (35, 41, 44) . On the basis of these previous successes, the ImChief cell line was compared with the ImSPEM cell line with gene microarray analysis. Fourteen transcripts upregulated in ImSPEM cells were previously found to be upregulated in L635-induced SPEM in mice including He4 and Clu (63) , further confirming the expression profile of ImSPEM cells as similar to in vivo SPEM cells. Furthermore, pathway analysis revealed upregulated ImSPEM transcripts enriched for "pathways in cancer" and especially "ErbB signaling pathway" genes. Although ErbB signaling is well established in gastric cancer, recent studies have specifically identified amplification of RAS activation in a significant proportion of gastric cancers (10) . These investigations have suggested that RAS activation may be a major driver of gastric carcinogenesis. In ImSPEM cells, multiple genes within the RAS cascade are upregulated.
Additionally, from the gene microarray comparison of ImChief and ImSPEM cells, a list of novel putative SPEM transcripts was identified. The third most upregulated transcript, Mal2, was upregulated 113-fold in ImSPEM cells. Previous investigations have shown that MAL2 is a multispan transmembrane protein that is necessary for transcytosis in polarized epithelial cells (9, 26) . MAL2 has also been shown to be upregulated in various cancers such as ovarian and pancreatic cancers (6, 12) . In ImSPEM cells, MAL2 was localized to the subapical compartment, confirming the ability of ImSPEM cells to polarize and establish discrete apical and basolateral domains when grown on Transwells. MAL2 immunostaining in murine gastric tissue revealed an increase in subapical expression in SPEM cells including H. felis-induced SPEM (SPEM-IC) compared with chief cells. SPEM-IC appears to represent the mouse version of intestinal metaplasia found in humans (63) . Accordingly, both SPEM and intestinal metaplasia in humans express MAL2. Furthermore, 82% of intestinal type gastric cancers (9/11) expressed MAL2. Thus transcriptional profiling of the ImChief and ImSPEM cell lines revealed a novel subapical trafficking marker of metaplasia in the stomach.
Overall, we have now established two novel in vitro gastric cell lines (chief cells-ImChief and SPEM cells-ImSPEM). These present studies have shown the utility of ImChief and ImSPEM cell lines as important model systems for studying intrinsic and extrinsic factors involved in both gastric homeostasis and the metaplastic process.
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